and analyzing the structure and behavior of systems (with numerical simulation), the study pays less attention to how the languages are used in synthesis in the design process of complex products (Komoto and Masui, 2014) . Thus, further study of the characteristics of these languages is useful from the perspective of synthesis in the design process. In relation to the study of the synthesis in context of computer-aided design, or so called computational design synthesis (CDS), related work provides an integrated framework to support generation, simulation, and evaluation of design processes (Chakrabarti, 2002; Cagan et al., 2005) . Nevertheless, the study of CDS to date (Finger and Rinderle, 1989; Kota and Chiou, 1992; Umeda et al., 1996; Shea and Cagan, 1997; Kurtoglu et al., 2009 ) has limitation in quantitative verification of design alternatives based on physical principles across engineering domains (also see literature review in Section 2). A CDS framework with the aforementioned system modeling languages could potentially overcome this limitation by handling physical models from various domains and quantitatively simulating the behavior of design alternatives.
As an application of acausal physical models written in system modeling languages to synthesis in design process of complex products, this study proposes a method to use an acausal physical model for computation of flow diagrams, which characterize difference in the potential energy possessed by the components of a system. The proposed method uses such flow diagrams computed in specific simulation durations for understanding the system behavior and generating design alternatives that realize desired flows specified by designers using a property of acausal physical modeling languages (e.g., Modelica) that allows composition of executable system models from components at arbitral levels in the system hierarchy.
In this study, acausal physical models are analyzed regarding generation of a flow diagram, or a set of dynamic relations among system components in terms of flows and potentials defined in specific physical domains (see. Sec. 3.1) with reference to the simulated behavior. Compared with the connection diagram, which is the conventional representation of a system model with system modeling languages, a flow diagram can express the dynamic state of a system at a specific time (or interval) of designers' interest. To demonstrate the usefulness of flow diagrams in a design process, this study shows how flow diagrams support generation of design alternatives in context of design improvement of a hybrid energy supply system. Various design alternatives to decrease the load of a hydro power plant were generated, simulated, and evaluated. The framework has been implemented in Python, which communicates with OMEdit, a Modelica modeling and simulation environment (OMEdit, 2015) .
The remainder of this paper is organized as follows. Section 2 reviews the study of CDS in engineering design. Section 3 describes the formulation of a flow diagram and the generation algorithm of a flow diagram from an acausal physical model with introduction of Modelica, a system modeling language following acausal modeling. Section 4 demonstrates its use in context of improving the design of a hybrid energy supply system. Conclusions and suggestions for future work are presented in Section 5.
Related work
In engineering design, design support frameworks based on CDS have been studied for decades (Cagan et al., 2005) . Such frameworks primarily consist of processes to generate, simulate, and evaluate design alternatives and are more generic than the conventional optimization framework, which performs exhaustive exploration of alternatives in a given design space. In the frameworks, the generation step constructs new design space, i.e., a system model with a set of parameters different from those of the previous models.
The literature about CDS frameworks for engineering design primarily focuses on reasoning algorithms for the generation of design alternatives (Chakrabarti, 2002; Cagan et al., 2005) . Some frameworks focus on reasoning about the internal structure of a specific function. For instance, in (Finger and Rinderle, 1989) , the transformation of an abstract (functional) description into a structural and behavioral description was studied, in which both are described using the same representation scheme (e.g., BondGraph in Finger and Rinderle, 1989) . Similarly, engineering shape grammar formulated transformation rules for generating new mechanisms and structures directed by performance evaluation (Shea and Cagan, 1997) . Other frameworks focus on reasoning about the relations between functions. For example, qualitative reasoning-based algorithms to search for functions coupled with physical features were studied (Umeda et al., 1996) , in which functions were regarded as those realizing other functions. In (Kota and Chiou, 1992) , algorithms for the synthesis of a mechanism made of kinematic components were studied, in which component connections were bound in terms of physical parameters. In (Kurtoglu et al., 2009) , the taxonomy of components in the electromechanical domain was studied for supporting design tools with a CDS framework. Komoto, Kondoh and Masui, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.2 (2018) However, such CDS frameworks have a limitation. They cannot quantitatively verify design alternatives based on physical principles across engineering domains for two reasons. First, they are developed for use in conceptual design, in which systematic generation of design alternatives is a main task and the verification of the alternatives is regarded as a task performed elsewhere (e.g., a later stage in the product development process). Second, product modeling languages equipped with numerical simulation such as Modelica were unavailable when the study of CDS frameworks began. CDS frameworks studied in other research fields (e.g., circuit synthesis in electrical engineering (Giovanni et al., 1987) ) are not directly applicable to CDS frameworks for engineering design due to variations on components dealt with in engineering design.
Computation of flow diagrams from acausal physical models and behavior

Connection diagram
Connection diagram is the major representation of a system defined with acausal modeling, and it defines the structure of a physical system in terms of connections between system components. The terms introduced here are adapted from Modelica, an acausal modeling language (Fritzson, 2003) . The diagram consists of components and connectors. A simple connection diagram in Fig. 1 (a) consists of two components A and B and a connector. The component A consists of four components A.a -A.d. These components are connected through ports (e.g., A and B is connected through ports A.p and B.p). Each port has two variables called flow and potential, which have specific meanings in the physical domains. Table 1 shows some types of potentials and flows (Fritzson, 2003) The behavior of a system is defined by the internal behavior of each component and by connections among the components. The former is defined by mathematical relations among the parameters of each component. The latter define two types of constraints regarding the flow and potential variables at the ports of the connected components. First, the equality constraint means that the potential values of the ports at both sides of a connector are the same. Second, the sumto-zero constraint means that the sum of the values of flows at ports connected one another is zero. These constraints correspond to Kirchhoff's rules in the electrical domain.
Flow diagram
This study introduces a flow diagram to present the system state as defined by the values of flows and potentials at the ports of its components. The diagram is a network of components' ports derived from the behavior of the system at a specific point or interval. In Fig. 1 (b) , a flow diagram derived from the connection diagram in a particular state in Fig.  1 (a) is shown. In the diagram, arrows (lines) indicate the direction (or equality) of the energy flows between the ports. As explained below, the locations and directions of the arrows (lines) are determined according to the state.
A flow diagram at a specific point or interval is defined by the following procedure. First, all components and ports, as well as their hierarchical relations are obtained from the connection diagram. Then, each port is classified as an inport, out-port, if its flow is not zero. The connections between ports are classified as external arrows, internal arrows, and bridges, as shown in Fig. 1(b) . External arrows are defined from every out-port to every in-port in a set of the ports, Komoto, Kondoh and Masui, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.2 (2018) which belong to a sum-to-zero constraint (i.e., a sum-to-zero constraint constructs a bipartite graph made of external arrows from its out-ports to its in-ports). Internal arrows are defined from every in-port to every out-port in a set of the ports, which belong to a component (i.e., a component constructs a bipartite graph made of internal arrows from its inports to its out-ports). Furthermore, bridges are defined between two ports when the flow value of both ports is the same, and when one of the ports' components is a child of the other component. With such bridges, a flow diagram can represent the hierarchical structure of the connection diagram.
An application to design of a hybrid energy supply system
This section illustrates the use of the proposed formalization in generating flow diagrams from acausal physical models in context of a design process of hybrid power generation system. In particular, it shows generation of design alternatives based on the states of flow and potential of all ports in generated flow diagrams. The design process consists of the following steps: (1) requirement definition, (2) design synthesis, and (3) design verification with simulation. Each step is described in the following subsections. Before explaining these processes, the hybrid power generation system model studied in this section is briefly described below.
The connection diagram of the hybrid power generation system model studied here is shown in Fig. 2 . The model, called PowerWorld, is a part of the PowerSystem library, which was developed in the ITEA2/MODLIO project (ITEA, 2015) . The major components of the model are a wind farm, a power plant, and a hydro plant as energy sources. They supply energy to the city component, which has a given energy demand profile. New wind farm in Fig. 2 is a component of the model generated as a result of structure-level synthesis in Sec. 4.2. The major components shown in Fig. 2 further consist of a number of primitive components (e.g., turbines and rotors). The entire model consists of 137 components, 462 parameters, and 459 parameter relations (e.g., equations, algorithms). To simulate the behavior, the model iteratively computes the required output of the hydro plant and the power plant based on the energy demand profile of the city, and the operation plan of the wind farm considering the weather forecast. The power plant and the hydro plant are controlled actively in order to adapt to rapid changes of the energy demand. A reservoir at the hydro plant works as an energy storage for controlling the energy supply. A detailed explanation of the model is beyond the scope of this paper; however, it is explained in the literature (Franke and Wiesmann, 2014) . Komoto Vol.12, No.2 (2018) The algorithm to generate and analyze flow diagrams used in the study has been implemented in Python, which communicates with OMEdit. The authors have also developed a syntax analyzer with reference to a syntax of Modelica language (Fritzson, 2003) , which converts Modelica models for the generation and analysis of flow diagrams in the design process explained below.
In Fig. 3 (a) , the simulation result of the behavior of the system model regarding the energy balance in one day is shown. The simulated behavior is used for generating flow diagrams. For instance, a flow diagram in Fig. 4 shows a normal behavior specified at the starting period (0<t<1000 sec). It displays the ports (as squares) and formal arrows and lines between them (see, Sec. 3.2). The ports are enclosed by components (shown as white squares with dashed outlines). Among the ports, all out-ports are colored. The numerical values at the right-hand side of each port indicate the average potential and flow during the specified period. The diagram indicates transfer of energy from all three plants to the city, and some energy is stored at the reservoir of the hydro plant, as indicated by the flow to the reservoir at the left bottom of Fig. 4 .
As shown at t=20,000 sec. in Fig. 3 (a) , a sudden drop of energy supply from the wind farm due to excess of the threshold wind speed is observed. In such a situation, the power plant and the hydro plant compensate the energy shortage. In Fig. 3 (b) , the generated torque at the rotor (hydroPlant.rotor in Fig. 4) between the reservoir and generator of the hydro plant is shown, in which the negative value indicates the energy flow from the rotor to the generator. To analyze the system, another flow diagram just after the energy drop (20,000 < t < 21,000 sec) was generated (see. Fig. 5 ). The diagram indicates loss of energy transfer from the wind farm, and the energy generation at the hydro plant with the reservoir. Fig. 3 The simulated behavior of a hybrid energy supply system Fig. 2 The connection diagram of PowerWorld model
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Requirement definition
Based on the aforementioned observation, a requirement of the design improvement "to decrease the peak load (i.e., torque) of hydroPlant.rotor" was defined. In the design process, such a requirement is formulated as a tuple (direction, port), which indicates the desired direction (INC or DEC) of a change of the magnitude of the flow of port. The requirement of this example is (DEC, hydroPlant.rotor.frange_b), as enclosed with a circle in Fig. 5. 
Design synthesis
Both parameter-and structure-level syntheses are considered for generating design alternatives that can decrease the torque of hydroPlant.rotor. The generated design alternatives are evaluated in Sec. 4.3. First, taken the requirement (port, direction) as input, an algorithm suggests the directions of flow magnitude of ports. The algorithm assigns labels (INC or DEC) to ports based on a breadth first search-type constraint propagation on the flow diagram considering the type of connections (see. Sec 3.2). For instance, when a port connected with others through external arrows is visited, labels opposite to the label of the currently visited port are assigned to the other ports when these ports have not been labelled. The computation results (INC, DEC, and None) in the example is shown in Fig. 5 . Fig. 4 A flow diagram at the starting period (0<t<1000) Komoto, Kondoh and Masui, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.2 (2018) For generation of design alternatives, the components with labelled ports and with editable parameters are used. Table 2 shows the components, which are also indicated in Fig. 5 , and their parameters identified by the above labelling algorithm. (Although it is not observed in this case, components can possess multiple editable parameters.) Among them, primaryControlMax is the maximum value of the input parameter for controlling the power plant and the hydro plant in [kW] . The parameter J is the moment of inertia of the rotors of these plants in [kg*m^2] . The labels are used to suggest the direction of parameter value changes. For instance, these plants become more adaptable to rapid changes of energy demand, as primaryControlMax increases. In this case, the label of the port is as same as the direction of the parameter value change, which corresponds to the columns L and D of the rows ID 2 and ID4 in Table 2 . However, such suggestions are not always available due to complexity of the system behavior (N.A in Table 2 ). At the column D in Table 2 , suggested directions of the parameter value change in this example are shown.
Design alternatives are generated by changing the parameter values of the identified components of the original model in the suggested direction. Without the suggested direction, they are generated in both directions. For testing the algorithm, they are generated in both directions in this example, i.e., eight design alternatives regarding four parameters in Table 2 in both directions.
Next, the study tests modification of the connection diagram based on the requirement considering energy flows among the components. (Such a design modification at a structural level is a major target of the study of CDS in literature.) To do so, first, the flow diagram representing a normal behavior, as shown in Fig. 4 , was analyzed in order to search for the types of components that solely possess out-ports (i.e., flow sources). Then, as an energy source, a component belonging to these types is added to the model in order to modify the structure of flow. In this example, the power plant, its turbine, the wind farm, and its mills were identified as energy sources. Among them, the wind farm was chosen for the explanation of the succeeding step. Second, the source component is connected with target component, 
Design verification with simulation
In Table 3 , the average magnitudes of the torque of eight design alternatives (regarding four parameters shown in Table 2 ) at the peak period (20000<t< 21000 sec) and the rate of improvement relative to the simulation result of the original model are shown. Design alternatives with better performance (i.e., smaller torque) than the original design are colored in Table 3 . The result shows that, first, the directions of parameter value changes suggested by the framework were consistent with the simulation results (see. rows ID1 and ID3 in Tables 2 and 3) . Second, the simulation results could identify unknown relations between the direction of value changes of design parameters and that of the magnitude of energy flows. In this example, N.A. in Table 3 could be replaced with INC based on the simulation results (see. rows ID2 and ID2 in Tables 2 and 3) . Furthermore, the resulting torque of the model with new wind farm was 313.464 Nm, which is smaller than the torque of the original design by 1.58%, which indicates successful verification of a design alternative generated with structure-based synthesis.
The simulation result obtained from the modified connection diagram with new wind farm is shown in Fig. 6 . In Fig.  6 (a) , the simulated behavior of the system model regarding the energy balance in one day is shown. In Fig. 6 (b) , the generated torque at the rotor (hydroPlant.rotor in Fig. 4) between the reservoir and generator of the hydro plant is shown. In Fig. 6 (c) and Fig. 6 (d) , the differences of the simulation results focusing on the circles in Fig. 6 (a) and Fig. 6 (b) between the original model and the modified model are shown, respectively. As shown in Fig. 6 (c) and (d), the introduction of new wind farm decreases the power and torque of the hydro plant needed for the compensation of the sudden drop of energy supply from the existing wind farm. This simulation results indicate that the suggested modification of the connection diagram contribute to the satisfaction of the requirement given in Section 4.1. The simulation results also show that the output energy of the power plant and the existing wind farm shown in Fig. 6 (a) has apparently decreased during the whole simulation period, as a result of the introduction of new wind farm. This is considered as a side effect of the design modification. Although the proposed algorithm for generation of design alternatives cannot avoid such a side effect, the effect is evaluated by simulating the generated design alternatives. Simulation-based evaluation of generated design alternatives is an advantage of the proposed method integrated with system modeling language, which has not been proposed in the related work.
Scopes and limitations
This subsection first shows analysis of the proposed method regarding flexibility in time scale for the construction of search space for design alternatives, the extent of search for design alternatives in the design space, the extent of impact of design modification. Limitations in applying the proposed method to engineering design problems are discussed later.
First, the proposed method can deal with a variety of time (interval) to construct a flow diagram. A wider interval is chosen for the generation of design alternatives considering the average behavior of a system over the time interval, while a shorter interval is chosen with a focus on the behavior in a specific point of time, as illustrated in the previous subsections. Second, the proposed method can perform a global search for design alternatives across boundaries between Table 2 . Identified components and parameters by the labelling algorithm. Komoto, Kondoh and Masui, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.2 (2018) the components of a system and across levels of the component hierarchy, as the search reaches the parameters defined in all components of a system using relations among the parameters and the component hierarchy is flattened in a flow diagram. Third, although the design alternatives are found by the aforementioned global search, they are locally characterized as individual components or parameters. As a result, the proposed method cannot consider side effects caused at other parameters or components by the design modification. Therefore the proposed method is used with a system simulation technique for evaluation of side effects caused by the design modification.
The proposed method is applicable to engineering design problems in a form of the design and analysis of a function model in which flows of energy from (to) functional components are explicitly described (Pahl and Beitz 1996) , assuming that components of a flow diagram correspond to certain functions. In other words, the proposed method is not suitable to design and analysis of a system, in which the energy level of components is not explicitly defined (like a system whose main function is information processing). The method is applicable to design and analysis of a causal system, in which the energy flows as shown in Fig. 4 are predefined (unlikely to an acausal system).
Summary and conclusions
System modeling and simulation languages are crucial in model-based design of complex products. In particular, acausal modeling, which is a modeling method used in these languages, is suitable to modular design. The paper has investigated an application of system modeling and simulation languages to computational design synthesis for complex products. This study has formulated a flow diagram representing the system behavior of an acausal physical models in a Table 3 Simulation results of alternatives with parameter modification Fig. 6 The simulated behavior of a hybrid energy supply system after design modification Komoto, Kondoh and Masui, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.12, No.2 (2018) certain time interval, and proposed an algorithm to construct the flow diagram based on the corresponding simulation results. This study has shown a usage of the flow diagram to find critical parameters (among a large number of the parameters of a system model) that potentially improve the model performance, and components regarded as energy sources (sinks) and their locations to be placed in order to realize the desired energy flows. In the paper, a variety of design alternatives of a hybrid power generation system has been generated to satisfy a design requirement, and the design alternatives have been verified by simulating the behavior. Future study investigates formal classification of flow diagrams, which improve the understanding of behavior of complex engineered systems.
